A B S T R A C T Human alveolar macrophages were lavaged from surgically resected lungs and from lungs of normal subjects. Macrophages that had been purified by glass adherence were maintained in tissue culture for as long as 54 days. After 3-4 wk in vitro they underwent transformation into multinucleated giant cells. These aged cells had more than 30 times the phagocytic capacity that the same group of cells had had after 1 day in vitro.
INTRODUCTION
The alveolar macrophage of a variety of species has been implicated as the most imporant mechanism by which the lungs are protected from aerosols of microorganisms (1) (2) (3) (4) . To our knowledge, however, only one study of the function of human alveolar macrophages has been published (5) .
In 1961 Myrvik, Leake, and Fariss (6) developed a method of obtaining rabbit alveolar macrophages by transtracheal lavage after removal of the heart and lungs. Voisin, Guillaume, Van-Moorleghem, and Aerts (7) maintained guinea pig alveolar macrophages in tissue culture for as long as 2 wk in order to study their changing phagocytic and metabolic characteristics. In 1967 Finley, Swenson, Curran, Huber, and Ladman (8) devised a method for washing alveolar macrophages from human subjects, and subsequently Pratt, Finley, Smith, and Ladman (9) reported electron microscopic studies of cells retrieved by this technique. The method, however, was found to be unsuitable for use in patients with abnormal lung function, and the number of cells recovered was too small to allow large-scale studies. We therefore developed a method for retrieving alveolar macrophages from surgically removed human lungs. Alveolar macrophages obtained by this method and by the method of Finley (8) were maintained in tissue culture for prolonged periods. The long-term in vitro survival of cells obtained from the surgical specimens has enabled us to study the metabolic requirements for phagocytosis, the capacity of the cells to kill bacteria, and the function of the cells in certain disease states.
METHODS
Cell retrieval. The age, lung disease (if present) and smoking status of donors of the macrophages are given in Table I .
Cells were recovered from surgically removed lungs as follows: a balloon-tipped catheter was placed into the largest available bronchus under aseptic conditions. Hanks' balanced salt solution containing 10% fetal calf serum, 10 units of heparin per ml, 50 units of penicillin per ml, and 50 lAg of streptomycin per ml (fetal calf serum-Hanks) was injected repeatedly into the lung with a 50-ml syringe until 50-ml volumes of medium could be recovered by gravity-drainage or by aspiration for each 50 ml injected.
Cells were retrieved from the lungs of awake, normal volunteers by the method of Finley (8) . Briefly, a No. 19 Metras catheter was placed into a segmental bronchus under fluoroscopic control. The balloon surrounding the catheter was inflated and the cells were retrieved by lavaging the segment of lung with three 100-ml portions of 0.9% saline. The aspirated solution was added to an equal volume of fetal calf serum-Hanks.
Cells retrieved by either method were centrifuged at room temperature at 125 g for 10 min, suspended in a small volume of fetal calf serum-Hanks, and centrifuged again at the same speed. Viability was assessed by exclusion of 0.5% Trypan Blue dye. The cell pellet was then suspended at 100 viable macrophages per ml in McCoy's 5A medium (Grand Island Biological Co.) with 30% human AB serum, and 1-ml volumes were distributed into Leighton tubes (Bellco Glass, Inc.) containing cover slips. This medium was used in all subsequent experiments. All of the macrophages that would adhere had done so by 4 hr. Cells washedoff after 4 hr failed to adhere to another glass surface and did not phagocytize heat-killed C. albicans in suspension cultures.
Morphology. Cells pelleted on glass slides with a cyto-, centrifuge (Shandon Scientific Co., London) and cells adhering to cover slips were fixed in 100% methanol and stained with Giemsa. Viable cells were observed by phase contrast microscopy, and freshly obtained unfixed cells were stained for peroxidase by the method of Goodpasture as modified by Beacom (10) .
Minimum and maximum cell diameters were measured with a micrometer eyepiece, and the cell area was calculated using the formula for area of an ellipse.
Cells viewed with the electron microscope were prepared for examination immediately after retrieval or after they had been allowed to adhere to Melinex plastic cover slips (Imperial Chemical Industries, New York) in Leighton tubes for different periods. Cells from the initial cell suspensions were centrifuged at 250 g for 10 min, fixed at 40C overnight in 3% distilled glutaraldehyde, buffered to 7.4 with 0.1 M sodium cacodylate, and postfixed with 1% osmium tetroxide. Dehydration, embedding, and sectioning were accomplished by standard methods (11) . Sections were examined with a Siemen's Elmiskop IA electron microscope (Siemens America, Inc, New York). Macrophages adhering to the Melinex plastic film were processed by the method of Firket (12) .
Phagocytosis. In all phagocytosis experiments, 3 X 107 heat-killed C. albicans cells (or Aspergillus fumigatus spores) were added in 0.1 ml volume to each of two The effect of high carbon dioxide and low or absent oxygen concentration on phagocytosis was determined similarly. The gas and C. albicans were added through needles in the tops of the tubes so that the gas environment of the cells was not disturbed during the experiment. All gases were warmed to 370C and humidified before they were passed over cells. PH was held constant by adding sodium bicarbonate to the medium. Control tubes were equilibrated with 5% carbon dioxide in air. The gas tension and pH of the fluid bathing the cells were measured after each experiment. Phagocytosis was allowed to proceed for 30 min.
Bacterial killing experiments. The ability of alveolar macrophages, polymorphonuclear leukocytes, and monocytes to kill Listeria monocytogenes or Klebsiella pneumoniae type I was tested by a previously described method (13) . Bacteria were incubated for approximately 18 hr in trypticase soy broth containing methionine labeled with "5Se, or 8p labeled sodium phosphate, then washed 7 times to remove free radioactivity. ..! esa.
,of .if beginning of the experiment. At the end of 90 min the tubes were washed to remove extracellular bacteria and the remaining bacteria were released from the macrophages into the clean medium by sonication. Viability of released bacteria was assessed by a standard pour-plate dilution method and the number of phagocytized bacteria was determined by counting the radioactivity in the medium with a liquid scintillation spectrometer. The results were expressed as the per cent of phagocytosed bacteria killed. Control tubes containing no macrophages were included to assess the efficiency of the wash-out procedure. Specific activity of the bacteria (number of viable bacteria per count per min) was measured in tubes containing bacteria but no macrophages. When killing of bacteria beyond the 90-min phagocytosis period was measured, an antibiotic to kill the few extracellular bacteria was added after the 90-min wash. At the desired time, the action of the antibiotic was terminated by adding penicillinase (penicillin) or by diluating the antibiotic (streptomycin) to nonbactericidal concentrations.
Candidacidal activity. The ability of the macrophages to kill C. albicans was assessed by two methods. In the first method the uptake of methylene blue by phagocytized fungi indicates nonviable organisms (14) . The second method assesses morphological changes of intracellular organisms in Giemsa-stained slides (15) .
RESULTS
Retrieval procedure. Lavage of surgical specimens with 1-2 liters of wash solution yielded 0.8 X 108-6.0 X 108 cells, whereas lavage of the lungs of awake volunteers with 300 ml of wash solution yielded 1.0 X 106-8.0 X 106 cells. Pure populations of macrophages could be isolated because other cells in the lavage fluid did not adhere and survive on glass for more than 24 hr.
Morphology. Cytocentrifuge preparations were made of cells in suspension soon after they were recovered. From 5 to 35% of the nonerythrocytic cells were peripheral blood leukocytes and the rest were large, mononuclear cells. Three types of large, mononuclear cells could be distinguished morphologically (Fig. 1) ; for convenience these cells are termed type A, B, and C for this study. Type A cells (Fig. 1A) (Fig. 2) . The increase in phagocytic capacity was proportional to the square root of the area of the cells (Fig. 3) and was therefore directly proportional to length of the cell perimeter.. Uptake of C. albicans by cells on the 1st day after isolation was also related to cell size but rate of change of capacity with measured cell area was greater for these cells than for cells that had been in vitro longer than 1 wk. The number of phagocytized particles did not increase when higher concentrations of C. albicans were added. On the 1st day after isolation the mean uptake of heat-killed C. albicans by alveolar macrophages from nonsmoking subjects was 3.27 C. albicans per cell (SE +0.6) (Fig. 4) . Uptake of C. albicans by macrophages from smokers of marijuana and tobacco cigarettes was not significantly different from the uptake of normal cells (P > 0.1 by Student's "t" test). Alveolar macrophages from four patients phagocytized higher numbers of C. albicans. The phagocytic capacity of cells from all four patients was outside the 99% tolerance limits of the phagocytic capacity of the macrophages from the other subjects, but the increased uptake was not greater than predicted for their size (Fig. 3) . Three of these subjects had "postobstructive" or "lipoid" pneumonia. The fourth subject, a marijuana smoker, had suffered repeated episodes of pneumonia, most likely from aspiration during his frequent semistuporous periods.
When particle uptake was observed at intervals after the addition of phagocytic particles (either heat-killed C. albicans or heat-killed A. fumigatus), the cell capacity to ingest particles rose to a maximum between 30 and 45 min and declined thereafter (Fig. 5) . The decline after 45 min was caused in part by particle digestion, as judged by the observation of C. albicans fragments inside large vacuoles, and in part by loss of particle-laden cells from the cover slips, as judged by the decreasing number of cells per cover slip.
Phagocytosis by these cells was partially opsonin dependent. Studies of phagocytosis of A. fumigatus were carried out with normal pooled serum in the culture medium or with serum from two patients with aspergillosis. The serum of both patients contained precipitating antibodies of the IgG class, and one serum also contained skin-sensitizing antibody of the IgE class.
(IgG and IgE were demonstrated with specific antisera to each class of antibody.) Phagocytosis of A. fumigatus was greater in 1-day-old cells incubated with either of the two antibody-containing sera (506.6 A. fumigatus/100 cells +SE 55.5 and 911.4 A. fumigatus/100 cells +SE 51.1, respectively) than in the cells incubated with the normal serum (162 A. fumigatus per 100 cells ±SE 11.6). These differences were significant at the 0.1% level for both sera. Phagocytosis of C. albicans was not increased by these two sera.
The rate of oxygen consumption was measured before and after the addition of inhibitors or after the ad- MINUTES AFTER ONSET OF PHAGOCYTOSIS FIGURE 5 Phagocytosis of C. albicans by 4-day-old alveolar macrophages. Maximum particle ingestion at 45 min was followed by a decline. Cells were incubated, in duplicate, with 107 heat-killed C. albicans blastospores and tested at the intervals shown. Similar curves were obtained when A. fumigatus was used as the test particle or when older or younger cells were tested.
and monocyte-derived macrophages is shown in Fig. 6 . Within 1A hr after the onset of phagocytosis, alveolar macrophages killed 64% of ingested L. monocytogenes, whereas polymorphonuclear leukocytes killed 98%. Killing of L. monocytogenes by alveolar macrophages was nearly complete within the first 5 hr. Macrophages derived from monocytes resembled alveolar macrophages in their ability to kill L. monocytogenes. In similar studies, K. pneumoniae were eliminated from all three groups of cells within 1A hr. Electron micrographs of phagocytized bacteria showed electron-dense granules at the periphery of the phagosomes within the phagosomal membrane. This observation suggests that degranulation of lysosomes into phagosomes occurs in alveolar macrophages as it does in other phagocytic cells. In contrast to their ability to kill L. monocytogenes and K. pneumoniae, we were unable to detect killing of ingested C. albicans during periods of observation up to 4 hr. DISCUSSION Until recently the alveolar macrophage has been inaccessible for study in man. Retrieval of macrophages from awake subjects has three major drawbacks: (a) The number of cells recovered is small; (b) The cells survive poorly in suspension cultures, precluding long-term studies; and (c) Only lungs from subjects with normal pulmonary function can be lavaged safely. We overHuman Alveolar Macrophages: Structure and Function Studied in Vitro lung diseases such as allergic aspergillosis has not been determined.
To determine which metabolic pathways provide energy for phagocytosis, we added metabolic inhibitors to macrophages and found that phagocytosis is partially inhibited by iodoacetate, sodium fluoride, potassium cyanide, and nitrogen atmosphere. Other investigators have published conflicting views regarding the effects of metabolic inhibitors on phagocytosis by animal alveolar macrophages. Oren, Farnham, Kazuhisa, Milofsky, and Karnovsky (16) found a similar pattern of phagocytosis inhibition in alveolar macrophages from guinea pigs. Ouchi, Selvaraj, and Sbarra (17), however, found that only anoxia and concentrations of cyanide that caused the cells to take up trypan blue from the medium (i.e., levels which killed the cells) inhibited phagocytosis by rabbit alveolar macrophages. These investigators further argued that the levels of iodoacetate used by Oren et al. (16) to inhibit glycolysis also inhibited oxidative metabolism. To avoid such criticisms of our experiments, we demonstrated that the concentration of cyanide used in the experiments did not cause the cells to take up trypan blue after 2 hr of exposure and that the levels of iodoacetate used did not change oxygen consumption.
Certain pathologic states were also shown to be associated with abnormal macrophage function. Macrophages from patients with tumors that obstruct a bronchus and from one patient with recurrent bacterial pneumonia had supernormal capacity to ingest particles. We believe that these observations indicate that diseases probably exist in which altered macrophage function may be a part of the disease state.
In our experiments macrophages from smokers had normal phagocytic capacity, and Harris, Swenson, and After phagocytosis, the second important function of the alveolar macrophage is killing of microorganisms. Our comparative studies of the efficiency with which alveolar macrophages, neutrophils, and monocyte-derived macrophages kill L. monocytogenes and K. pneumoniae showed that alveolar macrophages resemble macrophages derived from monocytes in their ability to kill bacteria. Both cell types fail to stain with histochemical stains for peroxidase. Klebanoff (19) showed that bactericidal activity of neutrophils is probably partially dependent upon myeloperoxidase. Lehrer, Hanifin, and Cline (20) (22) , it is reasonable to assume that some alveolar macrophages exist at this oxygen tension, or lower, in patients with severe chronic bronchitis and emphysema or atelectasis. We found that an oxygen tension as high as 25 mm Hg still had a suppressive effect on phagocytosis. Therefore, macrophages probably function suboptimally in areas of the lung in which oxygen tensions are greatly decreased. In contrast, carbon dioxide tensions as high as 70 mm Hg did not affect particle uptake as long as pH was held constant. Unlike other leukocytes, the human alveolar macrophage is therefore highly dependent upon oxidative metabolism for optimal phagocytic activity. These observations sug. gest that the predisposition of patients with atelectasis (23) or with severe chronic bronchitis and emphysema (24) to pulmonary infection may be related to the suppressive effect of localized hypoxia on alveolar macrophage function. Defense of the lungs by alveolar macrophages is probably most impotrant in these patients because they have impaired bronchial clearance and infected lower respiratory trees.
